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breast cancer ͉ oncogene ͉ sister chromatid cohesion A neuploidy (aberrant chromosome number) is a hallmark feature of human malignancies (1, 2) and has also been proposed as a necessary event for tumorigenesis (2) . Although there have been many proposed hypotheses, there is no general agreement as to why aneuploidy is so highly prevalent in cancer cells, and how it contributes to tumor progression (3, 4) . Importantly, if aneuploidy forms an underlying cause of human cancer, it has not been fully substantiated. The mechanisms of aneuploidy also remain a fundamental unresolved problem in cancer biology.
To understand how aneuploidy might originate in mammalian tissues, we have focused on the elements that regulate chromosomal segregation, particularly those involved in sister chromatid cohesion and separation, because chromosome missegregation, for example during mitosis, can lead to aneuploidy. A key gene in our analysis is ESPL1, which encodes an endopeptidase called Separase that separates sister chromatids by cleaving cohesin Rad21/Mcd1/Scc1 during the metaphase to anaphase transition. The hypothesis we tested is that hormonal stimulation of the p53-null mouse mammary gland results in misexpression of the ESPL1 gene, thus promoting aneuploidy and breast cancer formation. Dysregulation of the mitotic machinery that helps maintain chromosomal stability in mammary cells can result in aneuploidy and subsequently, cancer formation. We focused on Separase for the following reasons that have important implications for breast cancer: (i) Separase plays a central role in promoting faithful chromosome segregation; (ii) our previous studies strongly indicated that hormonal stimulation of p53-null mice mammary gland results in overexpression of the ESPL1 and Separase protein, which may be a direct cause of aneuploidy (5); and (iii) siRNA-mediated knockdown of Separase and Separase deficient mouse embryonic fibroblasts results in genomic instability (6) (7) (8) .
An evolutionarily conserved protein complex called cohesin and an endopeptidase named Separase play pivotal roles in the accurate segregation of sister chromatids into two daughter cells. Cohesion along the length of the sister chromatids is formed during DNA replication in S phase. Cohesion along the chromosomal arms is removed during prophase and from centromeric regions at the metaphase-to-anaphase transition when Separase is activated after its inhibitory chaperone securin is degraded (9, 10) .
To understand how aberration in sister chromatid separation may contribute to chromosomal missegregation, we investigated the role of Separase overexpression in mouse mammary cells by using a mammary epithelial transplant model (11) as well as various biochemical and functional assays. Our results indicate that conditional overexpression of Separase alone in mammary epithelial cells with a p53 mutant background is sufficient to induce aneuploidy and tumorigenesis in vitro and in vivo.
Results

Conditional Expression of Mouse Separase (mSeparase) Results in
Aneuploidy in Mouse Mammary Epithelial Cells. To examine the direct effect of Separase expression on aneuploidy, we used an in vitro tissue culture system to overexpress Separase protein by conditionally expressing the ESPL1 gene by using a tetracycline-inducible system. Because of background polyploidy in most cultured mouse mammary cells, we used FSK-3 mouse mammary epithelial cells that are diploid to develop a tet-on cell line to examine if conditional expression of Separase can induce aneuploidy.
Separase expression was turned on in six of the seven mESPL1 stably transfected FSK3 clones that were tested by adding 1 g/ml doxycycline for 24 h [supporting information (SI) Fig. S1 A] . Only clone no. 24 showed no significant induction in the presence and absence of the drug. However, in four of these positive clones (nos. 31, 38, 40, and 94), Separase expression was leaky, because in the absence of doxycycline significant level of Separase expression was detected. In the empty vector control clone (FSK3 #64EV), no detectable Separase expression was seen in the absence or presence of the drug. Based on these results, we used clones nos. 50 and 62 as positive clones and clones nos. 24 and 64EV as negative controls for subsequent characterization. Spectral karyotyping (SKY) analysis of 10 metaphases from these clones showed normal diploid karyotypes before Separase induction using conventional G banding and SKY analysis (Fig. S1B) .
To monitor the ploidy after Separase induction, in a time course experiment, four of these clones (FSK3 #50, 62, 24, and 64EV) were cultured in the presence and absence of 1 g/ml doxycycline for a period of 15 days. Cells were passaged every 5 days (total of three times) during this experiment. Cells treated with and without doxycycline were sampled every 24 h and analyzed by FACS. Similar results were obtained by using both clones nos. 50 ( Fig. 1 ) and 62 (data not shown). Separase protein was measured on days 1, 2, and 5 by using epitope-tagged myc Ab and antibody against mouse Separase (Fig. 1 A) . As shown in Fig. 1 A, (Fig. 1 A) . On days 5 and 15, chromosome numbers were measured by using conventional G banding techniques as described (5, 11) . For each preparation, 40-85 metaphases from exponentially growing cells were examined, and total chromosome numbers were counted by using QUIPS Pathvysion software (Applied Imaging) (see Fig. 1 B-E Insets for chromosome distribution).
FACS analysis indicated that induction of Separase in both clones nos. 50 ( Fig. 1 B-E) and 62 (data not shown), but not in the control clone 64EV (Fig. S2 ) and clone no. 24 (data not shown), resulted in a significant increase in aneuploidy shown as a distinct additional peak after 5 days of drug treatment (Fig. 1C) . We did not observe this peak at earlier time points (1, 2, 3, and 4 day; data not shown). The aneuploidy peak rose further at the 15-day time point (Fig. 1E) . The ploidy levels by FACS analysis were in agreement with the chromosome number distribution identified by conventional cytogenetic analysis in these cells ( Fig. 1 C and E Inset) . In Separaseinduced cells, Ϸ20% of the metaphases analyzed were diploid, whereas Ϸ60% of the metaphases had Ͼ40 chromosomes ( Fig. 1 C and E Inset). However, at the 15-day time point, 25% of the metaphases were also found to be hypodiploid, indicating both chromosome gain and loss after prolonged Separase induction in vitro. The chromosomes in the Separase-overexpressed cells are found to be thinner, suggesting premature sister chromatid separation (see Fig. 4A ). FACS and G banding from the clone 64EV that contains the empty vector control (Fig. S2 ) and clone no. 24 (data not shown) with no detectable myc-Separase expression in the presence or absence of doxycycline had no detectable changes in chromosome number. These findings clearly indicate that overexpression of Separase alone can induce aneuploidy in euploid mouse mammary epithelial cells with a p53 mutant background in vitro.
Oncogenic Activity of Separase in Vivo. The following experiments were designed to investigate whether Separase overexpression in vivo can also result in aneuploidy formation and tumorigenesis. FSK3 mouse mammary cells are diploid and have no tumorigenic activity in vivo (12) . We injected FSK3 Tet-on clones nos. 50 and 62 that are euploid ( Fig. 2A) into the mouse mammary fat pads of 3-week-old WT mice. As a control empty vector, clone (FSK3 #64EV) with no detectable myc-Separase expression in the absence or presence of doxycycline was used.
Induction of Separase in transplanted mammary cells develops tumors within a short period of 3-4 weeks. Five of the six transplants from each Tet-induced clones developed tumors (Table S1) (Table S1 ). Western blot analysis of the tumors nos. 305 and 311 indicated significantly higher levels of Separase protein compared to the empty vector transplanted clone (no. 64EV) (Fig. 2B ). Histological analysis revealed these tumors have a mesenchymal phenotype. Western blot analysis indicted expression of a number of epithelialmesenchymal transition (EMT) markers (13, 14) , including missing full-length E-cadherin, but the presence of cleaved E-cadherin fragments and expression of smooth muscle actin (SMA) in these Chromosomal Instability in Separase-Induced Tumors. We used a combination of molecular cytogenetic methods, including comparative gene hybridization (CGH), SKY, and array CGH to identify the chromosomal instability in Separase-induced tumors (305 derived from clone nos. 50, 311 from clone no. 62, and 1979 and 1980 xenografts derived from 311 tumor). Several recurrent chromosomal changes were identified in both 305, 311 tumor cells, and 311 tumor xenografts.
SKY analysis of tumor 305 revealed a translocation between chromosomes 2 and 11 ( Fig. 2C Left) . In addition, trisomies for chromosomes 8, 15, and 19 and monosomy for chromosome 10 were noted in tumor genomic compliment-41-42,XX,Ts8, Ms10,Der(11)T(2:11),Ts15,Ts19. The spectral analysis identified a karyotype 41,XX,Rb (8, 8) ,Ts6,Der(11)T(2:11),Ts15 in genomic compliment of tumor 311 (Fig. 2C Right) .
To examine the clonality of the Separase-induced tumors, we xenografted the epithelial cell preparations from 311 tumors into RAG2-SCID mice. After 2 weeks of injection, all five mice showed palpable tumors that grow very rapidly reaching a size of 1,500-2,000 mm 3 in 2 weeks. Because of the heavy tumor burden, the animals were killed after 4 weeks of injection. However, no sign of tumors were observed in control FSK3 or clone no. 64 EV injected animals up to 16 weeks after injection, when the experiment was terminated and animals were killed. SKY and array CGH analysis of 311-derived xenografts (1979 and 1980) indicated identical cytogenetics profiles by SKY and array CGH as that of the parental line, indicating clonality of this tumor (Fig. 2F) . Furthermore, as that of the parental 311 tumor, histological analysis revealed the xenografts having a mesenchymal phenotype (Fig. 2E) . Western blot analysis of the xenografts indicated varying levels (high to very low) of Separase protein (Fig. 2D) , suggesting Separase expression may not be critical at this stage for continued tumorigenesis.
DNA extracted from tumors 305 and 311 was subjected to chromosomal and array CGH analysis to identify DNA copy number aberrations. CGH analysis revealed the gain of chromosome 15 in both tumors (data not shown). High-level amplification on telomeric region of chromosome 8 in tumor 305 (Fig. 3A) and chromosomes 8 and 11 in tumor 311 (Fig. 3B) were found. Subsequent array CGH analysis of the same tumors refined the amplifications on chromosomes 8 and 11 (Fig. 3) . The amplified clones from chromosomes 8 and 11 are summarized in Table 1 .
Premature Separation of Sister Chromatids and Formation of An-
aphase Bridges in Separase-Induced Fsk3 Tet-on Cells. To assess the effect of overexpressing Separase on sister chromatid cohesion and the nature of defects causing aneuploidy in Separase-induced cells, we examined the level of premature chromatid separation (PCS) before exit from mitosis and formation of anaphase bridge, a form of genomic instability. PCS consists of separate and splayed chromatids with discernible centromeres and involves all or most chromosomes of a metaphase (Fig. 4A Inset) . Using the above criteria, PCS was examined in metaphase chromosomes from Separase-induced FSK3#50 cells that were treated in the presence or absence of the doxycycline for 1, 3, and 10 days in in vitro cell culture using a protocol described for HeLa cell (15) . As shown in Fig. 4A , PCS was observed in Ϸ10% of these cells within 1 day of Separase induction and can increase up to 30% within 10 days. The basal level of PCS was 3-5% in Separase-uninduced cells.
We also examined formation of anaphase bridge, a form of genomic instability (16) , in 500 DAPI-stained nuclei of FSK3 #50 cells that were treated in the presence or absence of doxycycline for 5 days in in vitro cell culture. As shown in Fig. 4B , lagging chromosomes at anaphase and formation of anaphase bridges were observed in Ϸ2% of Separase-induced cells (Fig. 5 B b-d) . No bridges were observed in uninduced cells (Fig. 4Ba) . In addition to anaphase bridges, a number of other nuclear abnormalities (large and multinucleated cells, 3%; defective cytokinesis that includes presence of chromatins in late telophase or cytokinesis, 22%) were observed in the Separase-induced cells (Fig. 4B e-g ). In uninduced cells, the above defects are rare and ranged between 0.2% and 0.5%. Among these phenotypes in Separase-induced cells, the most prominent is the presence of chromatin between two dividing cells, seen up to 20-30% of the mitotic cells (Fig. 4B f and g ). These cells were also immunostained by using Separase antibody and/or myc (9E10) antibody. Interestingly, approximately half of the DAPIstained DNA forming the chromatin fibers was also stained with Separase (green) (Fig. 4C) as well as myc (9E10) (data not shown). These findings collectively suggest that hyperactive Separase results in prematurely segregated chromosomes and lagging chromosomes at anaphase.
Overexpression of Separase Protein in Human Breast Cancer Samples.
We used Western blot analysis to assess the level of Separase protein expression in a panel of 30 human breast tumor specimens representing mostly infiltrating ductal carcinoma (Fig. 5 A and B) . A set of 10 matched normal breast tissues was used as control (Fig.   5A ). Compared with the controls, Separase was significantly overexpressed (2-to 90-fold) in 70% matched tumor specimens (P value 0.032). When all 30 tumor specimens were compared with the mean expression from the 10 normal breast tissues, Separase levels in tumors were also found to be highly significant with a P value of 0.019388. The level of Separase expression in the normal tissue is very low and occasionally beyond the detection limit of the antibody used. To assess the detection efficiency of the Separase antibody, we used serially diluted bacterially expressed recombinant human Separase (hSeparase) as a reference (Fig. 5C ) and found that Ͻ20 ng of recombinant Separase cannot be efficiently detected by the hSeparase mAb used in our study. In the literature, there is no consensus among investigators for using any specific housekeeping protein to compensate for loading in Western blot analysis of breast tumor specimens due to varied cell types in the tumor (e.g., epithelial, mesenchymal, etc.). We have used Smc3 as a loading control for the following reasons: (i) Smc3 is a cohesin protein with no known role in breast tumorigenesis, and (ii) analysis of the publicly available microarray data indicated no significant variation of Smc3 gene expression in normal vs. breast tumors specimens.
Discussion
In the experiments described herein, we provide direct evidence that overexpression of Separase protein alone is sufficient to generate aneuploidy and facilitate tumorigenesis in immortalized mouse mammary epithelial cells with a p53 mutant background. Our studies also demonstrate that chromosomal instability, manifested as increased chromosomal number (aneuploidy), trisomy, translocation, and other chromosomal defects is associated with rapid tumor development. Overexpression of Separase induces premature separation of chromosomes, lagging chromosomes, and anaphase bridges. Up to 30% of PCS and formation of anaphase bridges from lagging chromosomes were observed in Ϸ2-5% of Separase-induced cells, whereas no bridges were observed in the uninduced cells. These findings suggest that hyperactive Separase results in prematurely segregated chromosomes and lagging chromosomes at anaphase. Increased PCS and formation of anaphase bridges are indicators of chromosomal instability and development of aneuploidy (18) .
Conditional expression of Separase in the diploid FSK3 cells in vitro can induce aneuploidy within 5 days of Separase induction. Using an in vivo mouse mammary transplant model, we also demonstrated that turning on the expression of Separase for 3-4 weeks resulted in the formation of aneuploid tumors in the mammary gland. Until now, the role of overexpression of chromosomal cohesion and separation protein in the development of aneuploidy and tumorigenesis was not tested in vivo. We have previously reported that the hormonal (progesterone and estrogen) stimulation of p53-null mice mammary glands not only induces aneuploidy but also results in the overexpression of Separase, a key chromosomal separation protein, and Mad2, a mitotic checkpoint protein (5) . FSK3 cells used in the present studies have both p53 WT and mutant (Ser-233-234) alleles (17) . However, physiological significance of this p53 mutation is not presently known. Because overexpression of Separase either constitutionally or conditionally can cause aneuploidy independent of hormonal stimulation, Separase induction is therefore likely to be a key mechanism of hormoneinduced aneuploidy in p53 null mammary epithelium (5) .
To further assess how Separase induction results in aneuploidy, we analyzed the pattern of chromosomal imbalances by chromosomal CGH. Xenograft studies combined with cytogenetic analysis reveal the Separase-induced tumors are clonal in their genomic complements with trisomies for chromosome 8, 15, and 19, monosomy for chromosome 10. These studies also revealed two consistent chromosomal alterations in the Separase-induced tumor cells. The most consistent change occurred in the distal (telomeric) region of chromosomes 8 and 11. Subsequent array CGH analysis indicated an amplification of two BACs harboring genes such as A log ratio for the same chromosome was generated by using high-resolution CGH arrays. The amplification identified by chromosomal CGH was confirmed by array CGH and identified several clones from the chromosomes 8 and 11 amplicon (Table 1) . The clones on each chromosome are arranged on the basis of UCSC mapping positions.
NFATC3, DDX28 (chromosome 8) and RGS9, and AXIN2 (chromosome 11), with a suspected role in mammary tumorigenesis (19) (20) (21) . The amplified region in chromosomes 8 and 11 is syntenic to human chromosomes 14q12 and 17q24.1, respectively. 17q23-q24 is a region that shows frequent loss of heterozygosity in breast cancer, neuroblastoma, and other tumors (22) . Mutations in the genes (e.g., Axin2) in this region have been associated with colorectal cancer with defective mismatch repair (19, 22, 23) . It is also interesting to note that recently Axin2/Wnt signaling pathway has been demonstrated to trigger the EMT that characterizes the tissue-invasive phenotype associated with the development and progression of human breast cancer (24) . This finding is particularly relevant to our result of the mesenchymal phenotype of the Separase-induced tumors from the transplanted FSK3 mammary epithelial cells. Chromosomal alterations in Separase-induced tumors are clonal, because both the transplant (311) and its xenograft tumors had virtually identical karyotypes. Furthermore, it is apparent that once these clonal changes occur, level of Separase overexpression may not be critical and selected out to maintain tumorigenesis, and thus provides an example where oncogene addiction for tumor maintenance (25) may not hold true.
Presently, there is no known example of human mammary tumors resulting from Separase overexpression. Our studies clearly demonstrate that, compared with matched normal tissue, Separase protein is significantly overexpressed in human breast tumors (P Ͻ 0.03), which greatly strengthens the significance of our finding of the oncogenic activity of Separase in breast carcinogenesis using the mouse mammary model. It is interesting to note that analysis of publicly available microarray data from www.oncomine.org indicated that Separase transcript is overexpressed in a number of tumors, including brain, lungs, breast, ovarian, lymphoma, and sarcoma. Fourteen independent studies using breast cancer specimens indicated a strong Separase expression correlating with bad outcome (P Ͻ 0.00001). Two studies also identified that overexpression of Separase strongly correlates with p53 as well as BRCA1 mutations. These studies strengthen our hypothesis that Separase overexpression plays an important role in mammary carcinogenesis, and induction of Separase is likely to be a key mechanism of hormone-induced aneuploidy in p53-null mammary epithelium that we reported earlier (5). Furthermore, Separase misexpression provides an experimental model to study the molecular mechanisms of aneuploidy and mammary carcinogenesis.
Materials and Methods
Cell Culture. A diploid immortal mouse mammary epithelial cell line (FSK3) was derived by in vitro passage of collagenase-treated BALB/c mammary ductal tissue explants and maintained as described (12, 26) .
Tumor Specimens. Thirty anonymized human breast tumor specimens and a set of 10 matched normal breast tissues were obtained from the tissue repository of the M. D. Anderson Cancer Center and the tumor bank of Lester and Sue Smith Breast Center at Baylor College of Medicine. All tissues in this study were obtained after Institutional Review Board-approved informed consent. Information on the samples provided by the tissue bank is summarized in Table S2 .
Conditional Expression of mSeparase in Mouse Mammary Epithelial Cells.
Commercially available Tet-on gene expression systems (BD Biosciences) were used to set up FSK3 conditionally expressing myc-tagged mESPL1. FSK3 cells at passage 13 were transfected with pTetON ϩ pTRE2hyg2-myc-mESPL1 or pTetON ϩ pTRE2hyg2-myc empty vector. After neomycin (G418) and hygromycin selection, 100 clones from each of pTRE2-hyg2-myc and pTRE2hyg2-myc-mESPL1 transfected cells were picked, cultured, and expanded. The mSeparase protein expression of seven of these transfectants was detected by Western blot analysis by using myc-epitope tag 9E10 antibody and subsequently verified with commercially available Separase antiserum (Abnova) or homemade mSeparase polyclonal antisera. Four representative clones from mESPL1 transfected (named FSK3 #24, 50, 62) and one clone from pTRE2hyg2-myc vector (named FSK3 #64EV) were selected for further studies. The clone selection was based on the expression level of Separase protein.
Animal Model. All mice were bred and maintained in a conventional mouse facility at Baylor College of Medicine. FSK3 Tet-on clones nos. 50 and 62 that are euploid but develop aneuploidy after Separase induction in vitro were injected into the cleared mouse mammary fat pads of 3-week-old BALB/c female p53 WT mice (27) . As a control, empty vector clone (FSK3 #64EV) with no detectable Separase expression in the absence or presence of the doxycycline was used. For each clone, six mice were injected with one million cells in each fat pad. Three mice from each clone (total of six fat pads) were induced for a period of 3 weeks by the drug (1 mg of doxycycline/l mg of water), whereas three uninduced mice from the same group served as controls. Mammary fat pads were examined weekly by palpation for the formation of tumors. Two tumors specimens named 305 and 311 arising from clones 50 and 62, respectively, were subjected to cytogenetic analysis.
To study the clonality of the Separase-induced tumors that arose from the transplant studies, epithelial cell preparations from 311 tumor was xenografted to five RAG2 SCID mice. As a control, five mice were injected with empty vector clone (FSK3#64EV). Mice ages 6 -8 weeks were transplanted by s.c. injection of 5 ϫ 10 6 live cells into mammary gland, as described (28) . Xenograft growth was measured weekly, and at the end of 1 month after injection, tumor-bearing mice were killed, and tumors specimens (1979, 1980, 1981, 1982, and 1983 ) were subjected to cytogenetic, histological, and Western blot analysis. The control mice were observed for 3 more months.
Cytogenetic Analysis. Cells that were stably transfected with ESPL1 cDNA and vector control were analyzed for aneuploidy by using conventional G banding, SKY, CGH, and array CGH as reported (29, 30 ) (see SI Methods for details).
Array CGH. The mouse genome tiling arrays consist of 35,000 BAC clones with unique sequences at both ends. A computer program was used to select clones with insert size in the range of 170 -210 kb to achieve uniform array hybridization signals. The position information for all clones was obtained from the University of California, Santa Cruz (UCSC) database. The details of the array CGH protocol and the data analysis has been described (30, 31) .
Western Blots. Western blot analysis of the effect of hormone stimulation on the expression of mitotic proteins involved in sister chromatid cohesion and separation was performed as described (5) .
Recombinant hSeparase. Purification of full-length recombinant hSeparase was performed according to ref. 32 with modifications. cDNA coding for full-length hSeparase bearing 6-His at the C terminus was cloned into pGEX-4T vector (GE Lifesciences) and expressed in BL21 Escherichia coli cells as a GST fusion.
Statistical Analysis. Separase expression in human breast tumor specimens was compared with the matched normal tissues by using a set of paired tests, including the paired t, rank-sum, and signed-rank test, wherever applicable. Rank-sum and signed-rank tests are more robust to departures from normality, particularly for small sample size. The unpaired one-sample t test was also performed to test whether Separase expression is statistically significant in tumor specimens where no matched normal tissue is available. For the unpaired analysis, the mean expression of Separase from the available 10 normal specimens was used to compare the tumors.
